Biosorptive dehydration processes of ethanol, isopropanol and t-butyl alcohol (TBA) using a specially formulated compound starch-based adsorbent (CSA) were investigated and analyzed. The inverse gas chromatography (IGC) experimental results indicated that the CSA was effective for the selective separations at the alcohol and water azeotropes. Using batch adsorption and regeneration experiments, the optimal adsorption and regeneration conditions were determined by single-factor and orthogonal design methods. A comparison of the results from the IGC and batch adsorption experiments of the three azeotrope systems suggested that the separation factors increased with decreasing alcohol polarities and increasing numbers of alcohol carbon atoms, which may be related to the transport properties and strength of the interactions between the alcohol and free OH groups on the glucose units in the CSA. The field emission scanning electron microscopic images and poresize distributions indicated that the main component of the CSA macro-porous structure played a major role in adsorption. Cycling adsorption/regeneration experiments demonstrated the reusability of the CSA.
INTRODUCTION
Water removal during the production of monohydric alcohols (except for methanol) can be problematic owing to the formation of azeotropes at atmospheric pressure. The azeotropic points of ethanol-water, isopropanol-water and t-butyl alcohol (TBA)-water systems are 4.4 wt.%(H 2 O), 12.1 wt.%(H 2 O) and 11.76 wt.%(H 2 O), respectively, at atmospheric pressure. With increasing worldwide energy depletion and associated environmental issues, interest in the production of biofuels, such as bioethanol and biobutanol, has been recently increased. As bioethanol and biobutanol occupy only a small portion of the fermentation broth, dehydration of these alcohols present a serious challenge (Remy et al. 2011; Al-Shorgani et al. 2012) . In the process of purification of the alcohols, distillation consumes 50−80% of the energy used in a typical fermentation ethanol manufacturing process (David et al. 1978) .
Various separation methods, such as ordinary distillation, azeotropic distillation, extractive distillation and membrane separation, have been developed and used in industry. The high-energy demands of these processes represent a significant obstacle to the development of these compounds. One possible technique to overcome these difficulties is the adsorptive process. Biomass adsorbents can be inexpensive and environmentally friendly. The saturated adsorbent can also be used as a feedstock for the fermented alcohol production or regenerated for reuse in the adsorption processes (Huang et al. 2008) . NaHCO 3 and H 2 SO 4 were used as foaming agents to generate orifices of various sizes in the adsorbent to facilitate the diffusion of the adsorbates. Ethanol, isopropanol and TBA (all analytical-reagent grade) were used without further purification. The azeotropic solutions were formed using the alcohols and distilled water.
Inverse Gas Chromatography Experiments
Inverse gas chromatography (IGC) has been used to investigate the interaction properties of a moving phase (solute) with a stationary phase (Askin and Bilgic 2005). For components with distinctly different distribution coefficients with the stationary phase, the solutes at low concentrations undergo maximal partitioning during the elution process. The time from injection to the recording of the peak maximum is defined as the retention time. The net retention time is the difference between the retention time of a solute and that of an unretained indicator (Vareli et al. 2000) . Using IGC, the net retention time and the separation factor for water and alcohol can be determined. The thermodynamic parameter (∆Hs) values can also be obtained using IGC (Ostroff et al. 1988 ). The specific calculation methods and equations have been reported in the literature (Vareli et al. 2000; Han et al. 2009; Wang et al. 2010; Wu et al. 2012) . A gas chromatography system (GC-7820; Agilent) equipped with a thermal conductivity detector was used for measuring the retention times of both water and alcohol. The chromatography columns were constructed from stainless steel tubing with an inner diameter of 3 mm and a length of 2 m. The supporting stationary phase was added and packed until the column was filled. The CSA samples were dried and diluted with silanized glass beads (SGBs) to reduce the duration of the experiments. The SGB was chosen to be the diluent, as this material has poor absorptive abilities for both water and alcohol (Han et al. 2009; Wang et al. 2010; Wu et al. 2012) . With a mass ratio of 1:10, both CSA and SGB were sized for 60−80 mesh. Both the injection and detector temperatures were 250 °C. The flow rate of the carrier gas (N 2 ) was 40 ml/minute.
Biosorption/Regeneration Experiment
The experimental apparatus for adsorption is shown in Figure 1 (Wu et al. 2012) , with the regeneration equipment illustrated in Figure 2 . The fixed-bed component contained a glass pipe (60 cm long, 2.6 cm of internal diameter) loaded with CSA. A water jacket was used to maintain a constant bed temperature by circulating hot water during the adsorbing process. As shown in Figure 2 , the thermal regeneration device for the fixed-bed adsorption process was configured to allow air (gas) to flow from top to bottom, counter current to the flow of the adsorption process. The adsorption/regeneration experimental steps were as follows:
1. Preparation for adsorption: The ultra-thermostat and thermostatic oil bath were turned on and set at the specified temperature before the start of the adsorption experiment. The space below the column was loaded with quartz sand (approximately 16 cm high), which served as both a temperature buffer and an entrainment minimization operation. 2. Stable feed: Upon reaching the required temperature in the oil bath and generating vapour, the valve V2 was closed, and the valve V3 was opened to collect condensate once every minute. The collected condensate was weighed. As the mass measurements of the condensate converged to a constant value, the evaporation rate of the mixture was considered to be stable. 3. Adsorption and product analysis: With the fixed-bed temperature at the required value, the cooling water was turned on, V3 was closed, and V2 was opened, directing the vapour into the bed for selective adsorption. The vapour product was condensed in C2 and collected in S2 as purified product. During the first 10 minutes, the product was sampled every 1 minute, with 2-minute sampling increments for the subsequent 60 minutes. The samples were weighed and analyzed with gas chromatography (GC-7820; Agilent). 4. Preparation for regeneration: The values were adjusted by turning on V3, turning off V2, opening the air gas generator and adjusting the air flow to a specified value. At the same time, the air heater was opened, and the temperature was set to a given value. 5. Regeneration: With both air flow and temperature at the required values, the fixed bed that had been used in the adsorption experiment was transferred to the thermal regeneration apparatus. The valves V2 and V1 were switched on, with the valve V3 switched off. Upon completion of the specified regeneration time, the air gas generator and heater were closed, and the fixed bed was moved back to the adsorption system. Steps (1−3) were used for the adsorption experiments, whereas Steps (4 and 5) were used for the regeneration experiments. The combined processes, that is, Steps (1−5), were used for the cyclic adsorption/regeneration experiments.
RESULTS AND DISCUSSION

Comparison of the Alcohol-Water Azeotrope Dehydration Processes Using the CSA
Comparison of the separation factors using IGC
The net retention times of ethanol, isopropanol, TBA and water were obtained using IGC measurements, as shown in Figure 3 . In the temperature range of 95−130 °C, the net retention time of water on the CSA was significantly longer than that of the alcohol, indicating that the affinity of the CSA to water was much stronger than for the alcohol. As shown in Figures 3 and 4, temperature increases from 95 to 130 °C, which resulted in decrease in the net retention times for both water and alcohol. These decreases in the retention times for water were more rapid than the times measured for the alcohols, leading to a decrease in the separation factors. These results are consistent with the conventional theory of adsorption that low temperatures are favourable for the adsorption process.
The separation factors of ethanol/water, isopropanol/water, TBA/water in the temperature range of 95−130 °C are shown in Figure 4 . Among these systems, the profile of the TBA/water system was the highest, with the ethanol/water system exhibiting the lowest profile. The order of the separation factor values at each experimental temperature is as follows: TBA/water system > isopropanol/water system > ethanol/water system. In a comparison of the effects of temperature, the gap between the adjacent systems was significantly increased at the lower temperatures. These results indicated that the separation factors increased with increasing molecular sizes and decreasing polarities, consistent with the results from a previous study (Westgate and Ladisch 1993).
Comparison of the fixed-bed adsorption experiments
The alcohol-water system optimal adsorption conditions using the same adsorbent material (CSA) were determined using an orthogonal design analysis of the batch adsorption experimental data, including bed depths, bed temperatures and kettle temperatures (influencing the vapour superficial velocity). The evaluation indexes for the three orthogonal experiments were identical (i.e. average alcohol concentration overhead). The inlet concentrations of the ethanol/water, isopropanol/water and TBA/water systems were 4. The levels and factors of the orthogonal design are shown in Table 2 . The kettle temperature determined the vapour superficial velocity. The minimal kettle temperature should ensure obtaining qualified products from the tower top. The minimal bed temperature should prevent vapour condensate in the fixed bed. As the condensation temperatures of the three systems varied, the bed temperatures were of different values. The factors for each experiment were arranged randomly. The experiments were designed according to the orthogonal table L9 (3 4 ). As illustrated in Figure 5 , the three factors influenced the three systems to the same extent. The overhead product concentrations decreased with increasing kettle and/or bed temperatures. The outlet concentrations of the product increased with increasing fixed-bed depths. During the experiments, reduced levels of the kettle temperature resulted in decreased feed-gas velocities, increasing the contact time and facilitating the adsorption process. Low bed temperatures were conducive to the adsorption of water, as also demonstrated with the IGC experiments. Low bed temperatures can also reduce the energy consumption required in the pre-heating of the CSA. The breakthrough curves for the three systems ( Figure 6 ) were obtained at the optimal operating conditions ( Table 3) . Among the three experimental systems, the profile of TBA/water was the highest. The isopropanol/water system exceeded the ethanol/water system, even though the bed depth of the ethanol/water system was 3 cm lower than the values for the isopropanol/water system. These results suggest that the adsorption effects for the TBA/water system were more prominent than the other two systems, with the isopropanol/water coming in second. With variations in the inlet water concentrations for the three systems, the inlet water contents were arranged as follows: ethanol < isopropanol < TBA, with the outlet water concentrations in the following order: ethanol > isopropanol > TBA. Quantitatively, maximum dehydration of water from the three systems was observed with the TBA/water system. The dehydration of TBA/water on CSA is more favourable than the other two systems, suggesting that the CSA is useful in the dehydration of compounds with increased carbon atoms and small-polarity alcohol azeotrope mixtures. As discussed in the literature (Westgate and Ladisch 1993; Vareli et al. 1997; Beery and Ladisch 2001) , the efficiencies of the dehydration process using starch-based adsorbents are related to both transport properties and the interaction strengths between the starch and the mixture components (organic components or water molecules). With the hydrogen bonding between the free OH groups on the glucose units and the water molecules, the starch materials selectively adsorbed either water or the organic components. The water molecules are generally considered to be surrounded by four neighbours arranged in the shape of a triangular pyramid (a tetrahedron), allowing the water molecule to form four hydrogen bonds. As the polarity of water is stronger than the monohydric alcohols, water is preferentially attracted to these groups. Increased alcohol molecular size with weak bonds between the alcohol moiety and the CSA would be expected to facilitate the separation process. With increasing molecular sizes from ethanol to TBA and the corresponding inverse in molecular polarities, ethanol molecules exhibited stronger binding with the CSA than the characteristics observed with the TBA, suggesting that the dehydration performance with TBA was better than the values observed for ethanol.
Comparison of the thermodynamic parameters
To characterize the process (physisorption or chemisorption, exothermic or endothermic), thermodynamic analyses were performed with ∆H s . The enthalpy of adsorption can be calculated by a plot of lnV 0 g versus 1/T, with the slope −∆H s /R and related equations (Vareli et al. 2000; Han et al. 2009 ). The ∆H s for water was −31.6 kJ/mol at 115−130 °C, −38.3 kJ/mol at 95−130 °C, and −55.73 kJ/mol at 90−130 °C. The absolute values of ∆H s for water decrease with increasing temperatures. These results also suggested that low temperatures are favourable for the adsorption processes. In addition, these ∆H s values agreed with the reported ∆H s values (Vareli et al. 2000; Han et al. 2009) , with the values equal to or somewhat larger than the average physical adsorption values (−13 to −3 8 kJ/mol) and significantly lower than the chemical adsorption values (−84 to −168 kJ/mol) (Adamson 1982) . The negative values of the change in enthalpy (∆H s ) suggested an exothermic adsorption process.
Regeneration of the CSA
Minimal and optimal regeneration conditions
The optimal and minimal regeneration conditions were obtained using various air-flow rates, air temperatures and regeneration times, as analyzed by single-factor and orthogonal design methods. The productivity was defined as the ratio of the total weight of the samples exceeding 99.5 wt% TBA to the weight of the adsorbent packed in the column. The regeneration efficiency was defined as the ratio of the productivities.
The adsorbent regeneration efficiency increased with increasing air-flow rates (a), air temperatures (b) and regeneration times (c), as shown in Figure 7 . With the factors increasing to defined values, the efficiencies remained unchanged (approximately 1), indicating that, after complete regeneration, the adsorption process was similar to the fresh (new material) adsorption. Using suitable conditions, the minimal values of the parameters for the CSA to be completely regenerated were an air-flow rate of 60 l/h, an air temperature of 110 °C and a regeneration time of 30 minutes.
Using the single-factor experimental results, the levels and factors of the orthogonal experiments were designed, as shown in Table 4 . As shown in Table 5 , the regeneration efficiencies ranged from 0.61 to 0.99. According to the range analysis in Table 6 , the influences of various factors on the adsorbent regeneration efficiencies were as follows: air temperature > regeneration time > air-flow rate. The impact of various factors on the regeneration efficiencies far outweighed the error column effect, indicating no interactions between the influence factors. The results also indicated that the optimal regeneration conditions were characterized with an airflow rate of 60 l/h, an air temperature of 120 °C and a regeneration time of 40 minutes, supporting the results from the single-factor analysis. 
Cycling adsorption/regeneration results
To characterize the service life of the CSA, five cycles of adsorption-regeneration experiments were performed at the optimal adsorption and regeneration conditions. As shown in Figure 8 , only minor changes in the regeneration efficiency of the CSA after the cyclic adsorption-regeneration processes were observed. Properly chosen regeneration conditions assured complete desorption of the water, as well as no changes in the CSA structure. This unchanged adsorption capacity after a number of cycles demonstrated the reusability of the adsorbent (Wu et al. 2012 ).
Characterization of the CSA
Using field emission scanning electron microscope (FESEM) and mercury porosimetry, the changes of the surface morphology and the microstructure of the CSA were investigated both before and after the adsorption process, as well as after the regeneration process, as shown in Figures 9 and 10 (Wu et al. 2012) . Figure 10 . PSDs of the CSA before and after the adsorption process and after the regeneration process.
As illustrated in the FESEM (Figure 9 ) images, the particles after the adsorption process became plump with the void spaces becoming small, indicating that the CSA was saturated with water. The CSA particles after regeneration became wizened in a manner similar to the native particles, demonstrating that almost all the water had been desorbed from the CSA.
At sizes below 5000 nm, the characteristics of the pore-size distribution (PSD) curves of the CSA materials both before and after adsorption were very similar, as shown in Figure 10 . Compared with the PSD curves before the adsorption process, the peak at 6000 nm disappeared, with the peak at 17,000 nm becoming remarkably smaller after adsorption. These results indicated that macropores in the CSA play a major role in the adsorption process. After regeneration, the peaks at 6000 and 17,000 nm reappeared, with the curves appearing exactly the same as the curves observed before adsorption, further demonstrating that the CSA after regeneration can be totally regenerated and reverted to the original structure.
CONCLUSIONS
In a comparison of the alcohol/water experimental data, the separation effects for the three systems on the CSA (TBA/water > isopropanol/water > ethanol/water) were observed to decrease with decreasing carbon atom numbers. The CSA selectively facilitated the separation of the alcohol and water azeotropes, suggesting that the interactions between the water molecules and the free OH groups on the glucose units in the CSA were stronger than the corresponding interactions with the alcohols. In addition, the CSA was more effective at dehydrating the alcohols with reduced polarities, as the binding between the alcohols and the CSA were weaker for these types of molecules. The characterization results showed that the macropores in the CSA played a major role in the adsorption process. The regeneration experimental results indicated that the optimal regeneration conditions with the minimal values for the CSA parameters were effective at completely regenerating this material. The cyclic adsorption/regeneration experimental results demonstrated the reusability of the adsorbent. This specially formulated CSA was observed to be a good adsorbent to facilitate the separation of alcohol and water mixtures at the azeotropic points. In addition to the dehydration of ethanol, isopropanol and TBAs, this approach may also be used for the separation of other organic-water systems and alcohol/water systems. To summarize, the CSA developed in this work was highly selective, efficient, reusable and an environmentally friendly adsorbent for dehydrating alcohols.
